Two kinds of titanium dioxide were used as starting materials for thermal modification: Tytanpol A11 supplied by Chemical Factory "Police" S.A. (Poland) and Degussa P25 supplied by Degussa AG (Germany). The photocatalytic activity of titania materials modified by thermal treatment was tested in the reaction of photocatalytic oxidation of phenol. It was found that the highest activity in the reaction of photocatalytic decomposition of phenol, in case of Tytanpol A11, shows the samples of material modified at temperatures of 700 and 750
INTRODUCTION
Heterogeneous photocatalysis has been shown to be an effective method for removing a wide range of organic compounds from water . Titanium dioxide is the most widely used material in the photocatalytic reactions. TiO 2 has three types of crystal structures: anatase, rutile, and brookite. The most common phases are anatase and rutile, the former of which is more stable with lower temperature. It is known that anatase is transformed into rutile at temperatures around 700-800
• C, which differ depending upon the various perturbing parameters of particles free energy, that is, particle size and impurity dosing [23] .
In recent years there has been a great deal of research on the optimization of the catalytic properties of titanium dioxide used in the photodegradation of organic pollutants in water. In many studies it has been found that the activity of the titania catalyst depended on its preparation method, particle size, reactive surface area, incident light intensity, crystal structure and pH of solution. The crystal structure and crystallinity of titania particles are important factors that determine photoactivity. Many researchers reported that the anatase form of titania is more reactive than the rutile one [24] [25] [26] . Pelizzetti et al. [27] have correlated the photoactivity of the catalyst with the morphological aspects. Tanaka et al. [26] have reported the correlation of the crystallographic phase of titania with its catalytic activity during the degradation of a number of organic compounds such as benzene, chloroacetic acid, benzoic acid, and phenol. Ohtani et al. [28] reported that the photoactivity of amorphous titania was negligible due to recombination of photoexcited electronhole pairs at defects located on the surface and in the bulk of particles and increased linearly with the weight fraction of anatase and further improved by calcination of completely crystallized powder. Bickley et al. [29] reported that the photoactivity of the mixed phase of titania was greater than pure anatase crystalline. Fotou and Pratsinis [30] also reported that the anatase form of titania containing some rutile is most reactive in destroying phenol.
In this paper, Tytanpol A11 titanium dioxide, which is mainly anatase form of titania, was thermally treated in order to obtain a partial transformation of anatase to rutile phase and this way increase the photocatalytic activity of this material.
The photocatalytic activity of titania materials was tested in the reaction of photocatalytic oxidation of phenol.
MATERIALS AND METHODS

Chemicals
Two kinds of titanium dioxide were used as starting materials for thermal modification: Tytanpol A11 supplied by Chemical Factory "Police" S.A. (Poland) and Degussa P25 supplied by Degussa AG (Germany). The basic properties of these materials are presented in Table 1 . Phenol, which was chosen as a model organic compound for activity tests, was supplied by POCH S.A. Company (Poland).
Titania modification
Tytanpol A11 and Degussa P25 were thermally treated in air atmosphere. The weighed samples of particular materials were placed in the furnace and heated in the air atmosphere at the temperatures of 700, 750, 800, 850, 900, 950, and 100
• C. Samples were placed in the heated furnace and were held at a particular temperature for one hour.
Activity tests
The photocatalytic activity of obtained materials was verified in the reaction of photocatalytic decomposition of phenol which was chosen as a model organic compound.
The process of photocatalytic oxidation of phenol was conducted in the batch reactor with an internal light source and the photocatalyst suspended in the solution. The scheme of the apparatus is presented in Figure 1 . 500 cm 3 of phenol solution and a particular amount of photocatalyst were placed in the reactor. The reactor contents were aerated and mixed with a magnetic stirrer. The reaction mixture was irradiated with a lamp emitting UV-A and visible light. The radiation intensity of the lamp is 270 W m −2 . Tests were performed with a constant amount of particular photocatalyst −0.2 g dm −3 and with concentration of the solution of 100 mg of phenol/dm 3 . The reaction mixture was stirred for 15 min before illumination for adsorption of phenol on the photocatalyst surface.
The samples of reaction mixture were taken from the reactor, at appropriate time intervals, in order to monitor the phenol concentration in the solution. The photocatalyst was separated from the slurry by filtration with PVDF membrane filter (pore diameter 0.45 μm) and the solution was analyzed by the UV-VIS method using a JASCO V-530 spectrometer.
Characteristics of the photocatalytic materials
The photocatalyst samples were characterized by UV-Vis/DR technique using a Specord M40 spectrometer (Carl Zeiss Jena, Germany) equipped with an integrating sphere accessory for diffuse reflectance measurements. BaSO 4 was used as a reference.
The surface properties of the photocatalysts were examined by FTIR analysis. Measurements were performed using JASCO FTIR 430 spectrometer (Japan) equipped with a diffuse reflectance accessory (Harrick, USA).
The phase composition was analyzed by X-ray diffraction analysis (X'Pert PRO Philips diffractometer) using a CuK α radiation.
RESULTS AND DISCUSSION
Tytanpol A11 and Degussa P25 differ essentially in properties. Their activity in photocatalytic processes is also different-Degussa P25 usually shows higher activity in these processes. One of the reasons for activity difference is the phase composition. Degussa P25 is a mixture of two phases: anatase and rutile with a ratio of about 80 to 20% while Tytanpol A11 contains only about 1.5% of rutile. Changes in the crystallographic structure of titanium dioxide from anatase to rutile occur during thermal treatment.
The photocatalytic activity of titania materials modified by thermal treatment was tested in the reaction of photocatalytic oxidation of phenol. It was found that, in case of Tytanpol A11, the highest activity in the reaction of photocatalytic decomposition of phenol shows the samples of material modified at temperatures of 700 and 750
• C. These catalysts were more active than untreated A11 whereas materials modified at higher temperatures show lower activity. In the case of P25, all thermally treated materials were less active Joanna Grzechulska-Damszel et al. than the unmodified material. The results of these experiments are presented in Figures 2 and 3 . XRD analysis was done to determine the phase composition of photocatalysts. Table 2 presents the obtained results. The relative abundance of anatase and rutile phases were calculated from the (101) reflection of anatase and the (110) reflection of rutile. The background of obtained X-ray patterns (not shown in this paper) is flat, and the peaks are very sharp and narrow indicating good crystallinity of analyzed samples.
As can be seen for A11 photocatalyst, rutile percentage slightly increase up to 900
• C. Substantial increase of the rutile phase occurs for the sample treated at 950
• C and for the sample treated at 1000
• C it is still bigger. However total conversion from anatase to rutile was not observed.
For P25 photocatalyst, 100% of rutile was found already for the sample treated at 800
• C. Such a difference in phase transformation can be explained by the presence of additional components in Tytanpol A11 material. As a final step of production a surface treatment is applied. For this treatment Al(OH) 3 and SiO 2 are used. Presumably these additives can prevent anatase-rutile transformation.
An important parameter of catalysts used in the photocatalytic processes is the band gap energy. The lower is the value of the band gap energy, the wider range of irradiation can activate the photocatalyst.
The band gap energies (Eg) of the photocatalysts were calculated according to the equation:
where Eg is the band gap energy (eV), h the Planck's constant, c the light velocity (m/s), and λ is the wavelength (nm). The thermal treatment influenced the changes in the band gap energy for both A11 and P25 photocatalysts. Figure 4 shows derivatives obtained from UV-Vis/DR spectra for P25 photocatalyst. As can be seen from Figure 4 , for untreated P25 photocatalyst, two outlined maximums of absorption can be observed at 362.68 and 396.70 nm. For thermally treated samples, there is only one maximum which shifts toward higher wavelength with increasing treatment temperature. The values of band gap energies are presented in Table 3 . Figure 5 shows derivatives obtained from UV-Vis/DR spectra for A11 photocatalyst. As can be seen, for untreated A11 there is one maximum of absorption at 374.58. Spectra of thermally treated samples are more sophisticated. With effect from temperature of 700
• C, appearance of the second maximum can be observed. It is clearly outlined after deconvolution of the spectra. The values of band gap energies are presented in Table 3 . UV-Vis/DR spectra were also recorded for a mixture of anatase and rutile model compounds. The following mechanical mixtures were prepared: 100% rutile, 90% rutile + 10% anatase, 80% rutile + 20% anatase, 70% rutile + 30% anatase, 60% rutile + 40% anatase, 50% rutile + 50% anatase, 40% rutile + 60% anatase, 30% rutile + 70% anatase, 20% rutile + 80% anatase, 10% rutile + 90% anatase, 100% anatase. Spectra of these mixtures are presented in Figure 6 . 100% anatase and 100% rutile spectra have one maximum of absorption at 374.58 nm and 403.73 nm, respectively. Their mixtures show either two sharply outlined maximums or there can be seen a bulging at the spectra where the second peak appears. After deconvolution of the spectra, two peaks can be clearly seen. With the increasing amount of anatase phase in the mixtures, the absorption peak derived from rutile at about 390-400 nm diminishes and an arise of the peak that belongs to the anatase phase at about 360-370 nm can be observed. Therefore it was found that the material which is a mixture of two phases of titania, like P25, shows two maximums of absorption and consequently two band gap energies.
In order to determine the effect of thermal treatment on surface properties of the titania materials the FTIR/DRS spectra of the photocatalysts before and after modification Figure 6 : Derivatives obtained from UV-Vis/DR spectra of model mixtures of anatase and rutile. From bottom to top: 100% rutile, 90% rutile + 10% anatase, 80% rutile + 20% anatase, 70% rutile + 30% anatase, 60% rutile + 40% anatase, 50% rutile + 50% anatase, 40% rutile + 60% anatase, 30% rutile + 70% anatase, 20% rutile + 80% anatase, 10% rutile + 90% anatase, 100% anatase.
were recorded. FTIR/DRS spectra are presented in Figures 7  and 8 .
The obtained spectra show a clear absorption band corresponding to stretching vibrations of water [31, 32] . Broad bands in the range of 3600-2600 cm −1 , with a maximum at about 3400 cm −1 , are assigned to symmetric and asymmetric vibrations of water molecules coordinated to TiO 4+ cations [33, 34] . The literature data indicates that the intensity of these bands decrease with increasing temperature and this fact is connected to the partial removal of adsorbed water [33] . It can be seen that the intensity of the mentioned band is higher for some of thermally treated samples which negate the literature data. However it can be assumed that the thermal treatment of TiO 2 in air atmosphere contribute to the formation of new −OH groups in amount exceeding the amount of desorbed water effecting in increase of the bands in the range of 3600-2600 cm −1 . In the case of P25 photocatalyst, appearance of clear band at about 3420 cm −1 can be observed. This band is characteristic for adsorbed water [31, 32] . The bands corresponding to −OH groups Joanna Grzechulska-Damszel et al. vibrations can be observed at 1660-1650 cm −1 . In this case, thermal treatment also resulted in increase of intensity of these bands (up to 750
• C and subsequent decrease for higher temperatures). It is more visible in case of A11 photocatalyst. Presumably, the new active sites formed on the surface of the photocatalyst resulting in higher activity of modified A11 photocatalyst. Figures 9 and 10 show the spectra of used photocatalysts. After 35 hours of the reaction of photocatalytic decomposition of phenol, the photocatalyst was separated and dried followed by FTIR analysis.
As can be seen for A11 photocatalyst the spectra before and after the reaction are practically the same.
In the case of P25 photocatalyst there are apparent changes in the spectra. The new absorption bands appeared in the range of 1600-1400 cm −1 and also in the range of 2900-2700 cm −1 . These bands can be assigned to C−H and C=O bonds indicating the presence of carbon deposits formed on the catalyst surface. The presence of carbon deposits could also be seen by the naked eye since the catalyst changed the coloration. The same absorption bands assigned to carbon deposits formation was also observed by Einaga et al. [35] during oxidation of hydrocarbons in the presence of illuminated TiO 2 .
CONCLUSIONS
The obtained results showed that the increase of the treatment temperature resulted in transformation of anatase to rutile phase in the treated materials. In the case of Degussa P25 transformation was completed already at the temperature of 800
• C whereas for Tytanpol A11, total transformation was not observed even at the temperature of 1000
• C. This behavior can be explained by the presence of additives in Tytanpol A11 material and also by the low surface area and low rutile content in this material.
The thermal treatment caused changes in the band gap energies for both A11 and P25 photocatalysts. In the case of P25, a double absorption peak was observed only for untreated material and with effect from temperature of 700
• C there is only one absorption peak which shifts toward higher wavelength with increasing treatment temperature. For A11 material, there is only one absorption peak for untreated sample and an arise of the second one is observed beginning with the temperature of 700
• C. Temperature treatment also resulted in the changes in surface properties recorded by FTIR analysis. The new absorption bands assigned to −OH groups were observed, especially in the case of A11 samples. Formation of these bands can be connected with generation of the new active sites on the surface of the photocatalyst resulting in higher activity of modified A11 photocatalyst.
The activity test conducted in the reaction of photocatalytic oxidation of phenol showed that the most active samples were the samples of A11 treated at temperatures of 700 and 750
• C. These samples have the same phase composition as untreated Tytanpol A11-about 98.5% of anatase and 1.5% of rutile. UV-Vis analysis of these samples showed a rise of the second absorption peak derived from rutile presence at about 390-400 nm.
Although the literature data most often indicate Degussa P25 as the most active photocatalytic material and the rutile content about 20% is usually considered as the optimal amount for the best photocatalytic performance, this study did not confirm these results. The photocatalytic activity is a complex effect and many factors have to be put together to obtain a desirable result.
